Abstract: Chronic renal failure (CRF) is a common complication in heart transplant patients. Serum creatinine has clear limitations for the detection and estimation of glomerular filtration rate (GFR). Various creatininebased formulae are classically used for GFR estimation, but little scientific evidence exists for such use in a heart transplant population. GFR was measured using the plasmatic clearance of the glomerular tracer 51 Cr-EDTA in 27 heart transplant patients with two measures for 22 of the patients. Forty-nine measures were thus available for analysis. The precision and accuracy (Bland and Altman analysis) of the Cockcroft, simplified Modified Diet in Renal Diseases (MDRD) and new Mayo Clinic formulae were compared. The mean GFR of the population was 39 ± 15 mL/min/ 1.73 m 2 . All formulae were well correlated with the GFR. With the Bland and Altman analysis, the accuracy of the MDRD formula appeared higher than that of the Cockcroft or the Mayo Clinic formulae (bias of + 12 mL/ min/1.73 m 2 , vs. + 19.9 mL/min/1.73 m 2 , and +22.1 mL/min/1.73 m 2 , respectively). The difference between the estimated and measured GFR was higher than 20 mL/min/1.73 m 2 in 51% and 55% cases when using the Cockcroft and the Mayo Clinic formulae respectively, whereas the difference was only noted in 14% cases when the MDRD was used. Among creatinine-based formulae, the MDRD appears the most precise and accurate for estimating the GFR in heart transplant patients. However, when the GFR must be measured with high accuracy, we recommend the use of a reference method like inulin or 51 Cr-EDTA plasma clearance techniques.
. In our institution, the reproducibility of the isotopic measurement is fairly similar. All the measurements are performed in fasting condition, from 8:00 to 12:00 in the morning and by the same experienced nurses. Total irradiation with this technique is very low (0.011 mSv) when doses are adapted to weight. Results were corrected by body surface area (BSA) using the classical Du Bois and Du Bois formula (34) . Serum creatinine was measured with the kinetic rate-blanked compensated creatinine Jaffé method on Modular (Roche Diagnostics, Mannheim, Germany) (35) . Creatinine-based formulae are shown in Table 1 . The Cockcroft formula gives a result not corrected for BSA (mL/min) (24) , although the two more recent equations give results already corrected for BSA (mL/min/1.73 m 2 ) (26, 36) . However, indexing (or not) these results with BSA has little influence on GFR results in non-obese populations such as ours (37) . A second GFR isotopic measurement was obtained at least 10 months after the first one (mean time between the two measurements: 14 ± 3 months) in 22 patients. Forty-nine examples of GFR data are thus available for statistical analysis. Among the five patients with only one GFR measurement, one death (resistant acute rejection) and one patient who developed ESRF were noted. 
Statistical analysis
Data have been expressed as mean ± 1 SD. The correlation (Pearson's analysis) between the estimated GFR (by the three different formulae) and the measured GFR, together with Bland and Altman analysis (38) , was performed using MedCalc ® (MedCalc Software, Mariakerke, Belgium) and EXCEL ® 97 for Windows (Microsoft Co., Seattle, WA, USA). The bias, a measure of systematic error, has been defined as the mean of the differences between the predicted and measured GFR. Ninety-five per cent of the subjects were located between the lines of agreement (mean of the difference ± 1.96 × SD). The narrower the limits of agreement are, the better the studied formula is to estimate the real GFR. The limits of agreement, which are dependent on SD between the mean differences between the measured and estimated GFR reflect the precision of the estimation. Formulae accuracy has also been determined by the percentage of the estimated GFR within 30% measured GFR.
Results
At least one GFR measurement was performed in 27 white heart transplant patients (five women and 22 men). The mean age was 57 ± 12 yr, and the mean body mass index 25 ± 3 kg/m 2 . The mean follow-up time was 45 ± 42 months (range from 2 to 180 months). At the first GFR determination, all patients were taking calcineurininhibitors (only one received tacrolimus, but all the others were treated by cyclosporin with a mean plasma level of 149 ± 39 ng/mL, 16 (59%) by corticoids, 14 (52%) by mycophenolate mofetil and seven (26%) by azathioprine).
At the first GFR measurement, six patients had a follow-up time of < 12 months (mean 5 ± 3 months) and 21 a follow-up period of longer than 12 months (57 ± 40 months). The mean GFR was statistically higher in patients with the shortest follow-up period (50 ± 15 mL/min/1.73 m 2 vs. 36 ± 14 mL/min/1.73 m 2 ). For the whole population, 24 (89%) had a GFR lower than 60 mL/min/ 1.73 m 2 and 11 of them (41%) even had a GFR between 15 and 30 mL/min/1.73 m 2 .
After this first determination, the GFR was measured again at least 10 months later in 22 patients. The correlations between the estimated GFR using the three different formulae and the measured GFR using the isotopic method are shown in Fig. 1 . Highly significant correlations were noted between the measured GFR and either the Cock-croft (r = 0.7104 p < 0.0001), MDRD (r = 0.8328 p < 0.0001) or the Mayo Clinic formula (r = 0.8175 p < 0.0001). No statistical difference between correlation coefficients was found.
The Bland and Altman analyses are shown in Fig. 2 . As compared with the reference method, the Cockcroft, MDRD and Mayo Clinic formulae bias were: + 19.9 2 , + 12 and +22.2 mL/min/1.73 m 2 respectively. The limits of agreement were: -7.1 to 46.9, -4.7 to 28.7 and -4.9 to 49.2 mL/min/ 1.73 m 2 respectively. The bias, SD and limits of agreement were significantly better for the MDRD formula compared with the Cockcroft and Mayo Clinic formulae (p < 0.001). However, there was no statistical difference between the Cockcroft and Mayo Clinic formulae.
The difference between the GFR estimated by the MDRD formula and the measured isotopic GFR was > 20 mL/min/1.73 m 2 in 14% (seven over 49) population, whereas this percentage reached 51% (25 over 49) and 55% (27 over 49) when using the Cockcroft or the Mayo Clinic formulae for estimating the GFR. These results were thus once again in favour of the MDRD formula (p < 0.0001).
If a relative difference was used, the GFR estimated with the MDRD formula was found within 30% measured GFR in 43% cases, whereas the percentages were 23 and 29 for the GFR estimated by the Cockcroft or Mayo Clinic formulae respectively. However, the difference between the three formulae in this respect did not reach statistical significance.
Sixteen patients had a GFR below 30 mL/min/ 1.73 m 2 and 28 between 30 and 60 mL/min/ 1.73 m 2 . The bias and the limits of agreement in both populations were better for the MDRD formula than for the Cockcroft or the Mayo clinic formulae (data not shown). The superiority of the MDRD formula did not reached statistical significance in the population with GFR below 30 mL/ min/1.73 m 2 but the number of patients included in this group was however limited. 
Discussion
Given the high prevalence of CRF in heart transplant recipients, the measurement or estimation of GFR is of great importance in this population (2-4).
GFR is usually estimated by using creatinine-based formulae (20) . In our heart transplant recipients' population, it has been shown that the MDRD formula is more precise and accurate than the Cockcroft or Mayo Clinic formulae.
It is well known that serum creatinine is a poor marker of GFR in the general population (17, 20) . This marker may be even less accurate in heart transplant recipients because this population, as others suffering from chronic disease, has a reduced muscular mass. Moreover, chronic therapy by corticoids may still aggravate this phenomenon (16, 18, 30, 39, 40) . Our data confirms this assumption. Fifty per cent of our patients with serum creatinine below 1.5 mg/dL had in fact a GFR of < 60 mL/min/1.73 m 2 . 
Fig. 2. Bland and Altman plots for measured and estimated GFR (MDRD, Mayo clinic and Cockcroft formulae). The continuous line represents the mean difference between measured and estimated GFR, whereas the dashed lines represent the limits of agreement (mean difference ± 2SD).
Numerous studies have demonstrated that creatinine-based formulae are more precise for estimating GFR than using serum creatinine (20) . Moreover, formulae also offer the advantage of simplicity over classic reference methods for GFR measurement (inuline, 51 Cr-EDTA, etc.). Many authors have then used the Cockcroft or MDRD formulae to study and follow GFR in heart transplant recipients (5, 8, 11) . Nevertheless, these formulae could be criticized. Moreover, they have not been strongly validated in this specific population of heart transplant recipients. Cantarovich et al. have shown good correlation between GFR and the Cockcroft formula (41). However, they only used regression analysis that was statistically insufficient to prove the formula's accuracy. The Bland and Altman analysis seems to be more appropriate in this type of analysis (38) . To note, the mean measured GFR was lower in our population than in the one reported by Cantarovich et al. (39 ± 15 and 71 ± 28 mL/min/1.73 m 2 respectively). The Mayo Clinic formula has been little validated in other studies.
Our results (bias, limits of agreement and accuracy) are in favour of MDRD formula use as compared with the Cockcroft and Mayo Clinic formulae for the estimation of the GFR in heart transplant patients. One explanation could be found in the characteristics of the original studied populations for the determination of each formula. Cockcroft and Gault have developed their formula studying 248 patients without renal failure (24) . Their reference method was creatinine clearance, which is well known to overestimate GFR (due to creatinine tubular secretion) (17) . It is thus not surprising that numerous studies observed that the Cockcroft formula largely overestimates the GFR in a renal failure population (20, 25, 42) . This is particularly true in a CRF population because creatinine tubular secretion rises when GFR decreases (16, 17) . We can confirm these results again in our population of heart transplant patients whose GFR function is mostly low. The population of the MDRD study was larger (1628 patients) and quite different. Levey et al. measured GFR with a reference technique (iothalamate clearance) in CRF patients (mean GFR 39.8 mL/ min/1.73m 2 ) (25). In terms of GFR, our heart transplant patients were comparable to the MDRD population. This probably explains our better results using this formula for the GFR estimation in these heart transplant recipients. Nevertheless, the MDRD formula has also clear limitations, mainly in subjects with a normal GFR or normal serum creatinine levels. In this situation, the MDRD greatly underestimates the true GFR (26, 27, (43) (44) (45) (46) (47) (48) . This fact is linked to a variation in creatinine in the serum calibration assay which has great consequences when creatinine values are low (49) . The lack of accuracy of the MDRD formula can also be explained by the fact that the MDRD formula has been elaborated exclusively from a renal failure population and that the relationship between creatinine and GFR are not the same in normal and renal failure population (27, 46) . Up to now, the MDRD formula is thus certainly the best among the creatinine-based formulae to estimate the GFR in heart transplant patients with renal failure. The results of the MDRD formula must however be interpreted with circumspection. Indeed, systematic bias with the MDRD formula in our population has reached + 12 mL/min/ 1.73 m 2 . This overestimation should not be considered as negligible. Moreover, the accuracy of the formula has been relatively poor (57% of the estimated GFR is over 30% measured GFR). These results are also quite different from those published about the accuracy of the MDRD formula in other CRF, non-transplant populations (absolute bias lower than 5 mL/min/1.73 m 2 ) (28, 51, 52). On the other hand, our results are similar to those of the renal graft population, which were recently published. All these studies also describe the poor precision and accuracy of the MDRD formula (although better than that of the Cockcroft formula) in the estimation of the measured GFR (29, 30, 39, 40, 53) . Especially in renal transplant patients with renal failure, these authors describe a non-negligible overestimation of GFR (bias over 5 mL/min/1.73 m 2 ) by the MDRD formula (30, 39, 40, 53) . Moreover, Skluzacek et al. and Lamb et al. having analysed the MDRD formula bias in CRF liver transplant recipients and in elderly patients with CRF, have also described such an overestimation (bias of + 18.7 and + 10 mL/min/1.73 m 2 , respectively) (54, 55). Rimon et al. confirmed Lamb's results with another methodology (56) . We think that these different populations (an elderly population and renal, heart or liver transplant patients) share at least one common characteristic: the serum creat-inine concentration is largely influenced by muscle mass reduction (chronic disease, chronic therapy by corticoids, etc.) (29, 30, 39, 40) . Regarding transplant populations, Tomlanovich et al. have also shown creatinine tubular hypersecretion, which seemed dependent on cyclosporine therapy (16) . Serum creatinine is the principal variable in the MDRD equation. If the GFR is decreasing whereas the serum creatinine concentration is not rising as expected, because of muscle mass reduction or tubular hypersecretion, the MDRD formula results will be abnormally high. Such a hypothesis can also explain in part the overestimation noted with the Cockcroft and Mayo Clinic formulae.
There are, however, several limitations to our study. First, our sample is rather small and may not cover the entire GFR range in total heart transplant patients. We have, however, compared our GFR results with those published by Lindelöw et al. (2) . This publication is of great importance because the authors measured the GFR ( 51 Cr-EDTA plasmatic clearance) precisely in a large population of heart transplant patients (n = 151) with a long follow-up period. One year after heart grafting, the mean GFR in their patients was 52 ± 19 mL/min/1.73 m 2 . After nine yr however, the GFR had decreased to 37 ± 17 mL/min/ 1.73 m 2 . Our results are comparable. Indeed, the mean GFR was 50 ± 15 mL/min/1.73 m 2 in patients with a follow-up period shorter than 12 months and 36 ± 14 mL/min/1.73 m 2 in those with a follow-up period of over 12 months. The GFR range in our population appears thus quite representative of the GFR range in a global heart transplant population. We also confirm the data proving that nearly all heart transplant recipients have CRF (GFR under 60 mL/min/1.73 m 2 ) (2, 12). Our analysis is however limited to a Caucasian population. The conclusions of our study remain the same even if we limit statistical analysis to the 22 patients who had two GFR measurements (44 data) (data not shown). Moreover, the conclusions also remain similar when statistics are limited to the first 27 patients (data not shown).
Secondly, we used 51 Cr-EDTA plasmatic clearance as the reference GFR measurement method, whereas in the MDRD and the Mayo Clinic studies, authors used iothalamate clearance (subcutaneous injection). Both methods are valid (57) . Iothalamate has even some tubular secretion, contrary to 51 Cr-EDTA, which is a strictly glomerular tracer (58) . Like Froissart et al., we really think that our results cannot be due to the use of a different GFR measurement method (50) .
Thirdly, one of the major problems with creat-inine-based formulae is the possible bias due to the difference in serum creatinine calibration assay. Serum creatinine values can vary by 0.3 mg/dL according to these differences in calibration (49) . Each laboratory should in theory correct the MDRD formula according to its calibration and then validate it, but it is practically impossible. Moreover, biases in the formula due to different calibrations are especially relevant in subjects with a normal GFR and low serum creatinine. This problem is thus largely attenuated in a chronic kidney disease population (GFR60 mL/min/ 1.73 m 2 ) such as our specific population (49, 59) . At least, Wuyts et al. demonstrated that the MDRD formula was valid when using the rate-blanked compensated creatinine Jaffé method (Roche) as creatinine measurement method (60) . One could eventually argue that other formulae have been published to estimate GFR and could have been tested in our population (20) . The Nankivell formula may be especially of interest because it has been developed for renal graft transplant patients (61) . However, this formula has not been validated and several authors have also illustrated the overestimation of GFR induced by this formula even in transplant populations (29, 30, 39, 62) . We also confirm this overestimation in our heart transplant patients. Indeed, statistical results are the worst with the Nankivell formula (r = 0.6861, bias of +28.1 mL/min/1.73 m 2 , limits of agreement of +2 to 54 mL/min/1.73 m 2 ).
Conclusion
It has been shown that the MDRD formula was significantly better than Cockcroft and the Mayo Clinic formulae for GFR estimation in heart transplant recipient populations. However, the MDRD formula accuracy is far from perfect. Our results in heart transplant patients are similar to those described in renal transplant patients. If a precise GFR is needed in clinical practice or in epidemiological or interventional studies, we do recommend the use of a reference method measurement like inulin, 51 Cr-EDTA, iohexol, or iothalamate techniques. The same recommendations have also been made for renal transplantation (39, 62) . We do suggest measuring GFR with such a reference method at least once or twice a year in heart transplant patients.
